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Abstract
We consider Type IIB orientifold models on Calabi-Yau spaces with three-form G-flux
turned on. These fluxes freeze some of the complex structure moduli and the complex
dilaton via an F-term scalar potential. By introducing pairs of D9-D9 branes with abelian
magnetic fluxes it is possible to freeze also some of the Ka¨hler moduli via a D-term poten-
tial. Moreover, such magnetic fluxes in general lead to chiral fermions, which make them
interesting for string model-building. These issues are demonstrated in a simple toy model
based on a ZZ2 × ZZ′2 orbifold.
⋆On sabbatical leave from Department of Physics, Northeastern University, Boston, MA 02115,
USA.
1. Introduction
There exist many obstacles that string theory has to overcome in order to make contact
with low-energy physics. The list of problems contains in particular the question of how to
remove the huge vacuum degeneracy, i.e. how to fix the moduli that are typically present in
any string compactification. Second, the light string modes must reproduce the spectrum
of the standard model; hence realistic string vacua must naturally lead to chiral fermions.
A third, very important issue is the problem of space-time supersymmetry breaking, which
eventually has to be achieved without creating any new vacuum instabilities. With the
advent of D-branes and also with the introduction of background fluxes in the internal
space, some new perspectives in addressing these questions arose during the last few years.
First, in the context of intersecting brane world models [1-26] with type IIA D6-branes
wrapped around 3-cycles of the internal Calabi-Yau space, it is possible to construct in a
systematic way orientifold compactifications with standard model-like spectra with chiral
fermions. Part of the space-time supersymmetry is preserved if the intersecting D6-branes
wrap supersymmetric (special lagrangian) 3-cycles, which must be calibrated with respect
to the same holomorphic 3-form as the O6-planes are. In general, the tension of the
D6-branes and of the O6-planes introduces a vacuum energy, which is described by a
Fayet-Iliopolous term in the language of N = 1 supersymmetric field theory [16]. These
D-terms depend only on (part of) the complex structure moduli, which can be fixed upon
minimization of the potential. In the (T-dual) Type IIB mirror picture, one is dealing with
magnetic gauge fluxes on the world-volume of D9-branes [2,20]. Since the Type IIB F-flux
is integrated over 2-cycles of the Calabi-Yau space, the D-term potential now stabilizes
(part of) the Type IIB Ka¨hler moduli.
Another recent approach to moduli stabilization involves Type IIB background 3-form
fluxes on the internal Calabi-Yau manifold, G = τ H3 + F3, where H3 originates from the
NS-NS sector, F3 from the R-R sector and τ is the dilaton that “complexifies” the flux [27].
These so-called G-fluxes give rise to a scalar potential, which freezes many of the complex
structure moduli of the Calabi-Yau and the dilaton. In addition, supersymmetry may get
partially or completely broken. A very convenient way of analyzing the consequences of
turning on G-fluxes is to use an effective superpotential that can be computed from the ten-
dimensional kinetic terms for the 3-forms [28]. Using the effective F-term (super)potential,
the vacuum structure of this type of flux compactifications was recently discussed in several
papers [29-44]. Upon inspection of the induced potential, one realizes that turning on
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these fluxes on a compact Calabi-Yau space in a local way, i.e. such that
∫
H3 ∧ F3 = 0,
the minima of the potential are generically at those points in the Calabi-Yau moduli
space where the geometry degenerates and supersymmetry is restored [28]. So far, partial
supersymmetry breaking was only shown to be possible at certain (conifold) points of a
non-compact Calabi-Yau space. As we will discuss in this paper, by choosing non-local
fluxes with
∫
H3 ∧ F3 6= 0, partial supersymmetry breaking and moduli stabilization can
also be achieved at points where the compact Calabi-Yau space is non-degenerate.
The main aim of this paper is to combine the G-flux compactifications with the sce-
nario of Type IIA intersecting branes or, respectively, with Type IIB magnetic gauge fluxes
on D9-branes. For concreteness, we will apply the general formalism to a Type IIB ZZ2⊗ZZ′2
orientifold model with O3- and three sets of O7-planes. We turn on both non-trivial G-flux
through 3-cycles of the orbifold space and non-trivial abelian magnetic F-fluxes through
2-cycles supported on pairs of D9-D9 branes. Thus, we cancel the localized tadpoles of
both the O3- and the O7-planes in a non-local way. At leading order, we will show that the
F-flux through 2-cycles can cancel all R-R tadpoles, with chiral fermions and part of the
Ka¨hler moduli frozen via a D-term potential. In addition, the G-fluxes through 3-cycles
can be chosen in such a way that additional complex structure moduli are stabilized by an
F-term potential. Since we are choosing the G-fluxes in a non-local way,
∫
H3 ∧ F3 6= 0,
the Chern-Simons term in the ten-dimensional effective IIB action will provide a G-flux
contribution to the Ramond charges, which has to be canceled by the various non-local
D-brane charges together with the negative R-R charge of the orientifold planes.
Let us emphasize that in this paper we are only working in leading order in string
and sigma model perturbation theory. In particular, since we are not cancelling the D7-
brane charge locally, we neglect the significant back-reaction on the dilaton and on the
background geometry, which, as we learned from F-theory, is expected to lead to non-
Ricci-flat manifolds.
The paper is organized as follows. In the next section we briefly define our Type IIB
ZZ2⊗ZZ′2 orientifold model. Then, in section 3, we introduce the 3-form G-fluxes, compute
their R-R tadpoles, and discuss some general features of G-flux-induced potentials. We
stress the importance of mutual “non-locality” of the R-R and NS-NS fluxes in avoiding
ground states corresponding to degenerate Calabi-Yau manifolds. In the next section, we
work out some details of the ZZ2⊗ZZ′2 orientifold compactification and discuss the pattern of
complex structure moduli stabilization and the issue of supersymmetry breaking. Finally,
in section 5, we introduce D9-D9 branes with F-fluxes and present brane configuration
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with chiral fermions, which satisfy all tadpole conditions. It should be mentioned that
these models are not realistic; however it neatly demonstrates that models with G-fluxes
and D9-D9 branes with F-fluxes (or intersecting D6-branes in the T-dual picture) can be
constructed in such a way that the chiral fermions survive and both types of moduli can
be at least partially stabilized. We hope that our construction can serve as a template for
more realistic model-building.
2. The Type IIB orientifold model
In [35] it was explicitly shown how turning on appropriate 3-form fluxes in a toroidal
orientifold [ΩR(−1)FL ] model can lead to supersymmetry breaking while freezing some of
the complex structure moduli, Ka¨hler moduli, and the dilaton. At the level of the four-
dimensional effective action, the freezing of the complex structure moduli and the dilaton
was due to the F-term potential [28]. After turning on this G-flux, the Chern-Simons term
in the ten-dimensional Type IIB effective action produces a tadpole for the R-R 4-form
potential. In general, additional D3-branes had to be present in order to satisfy the R-R
tadpole cancellation condition for the 4-form. The resulting gauge theory on the D3-branes
in the example discussed in [35] is always non-chiral. In view of applications to realistic
string model building, it is desirable to generalize such flux compactifications to cases
admitting chiral gauge theories.
It is known that a large class of chiral models is given by intersecting brane world
models or, in their T-dual version, by D-branes with magnetic fluxes [45,46]. Since we
would like to have the possibility to preserve supersymmetry, we are led to flux compact-
ifications on orientifolds of Calabi-Yau threefolds. To be more precise, in this paper we
consider a simple orientifold model, namely we choose the Calabi-Yau to be given by the
orbifold
X =
T 6
ZZ2 × ZZ′2
. (2.1)
The two ZZ2 operations are given by
θ :
{
z1 → −z1
z2 → −z2
z3 → z3
, θ′ :
{
z1 → z1
z2 → −z2
z3 → −z3
(2.2)
on the three complex coordinates of T 6 = T 2 × T 2 × T 2. These data do not specify the
orbifold completely, as we have the freedom of introducing a discrete torsion, ǫ = ±1
3
in the ZZ2 twisted sectors. Following [47] we associate the model without discrete torsion,
ǫ = +1, to Hodge numbers (h21, h11) = (51, 3) and the model with discrete torsion, ǫ = −1,
to the mirror with (h21, h11) = (3, 51). For ǫ = +1, in the three ZZ2 twisted sectors, the
3-cycles survive the projection, while for ǫ = −1, the 2-cycles survive. In the case with
discrete torsion, all 3-cycles on X derive from 3-cycles on the ambient T 6. The massless
bosonic modes in the untwisted sector arise as follows. From the ten-dimensional graviton
one gets the four-dimensional graviton, gµν , and 9 scalars from the internal components
of the metric gab. Six of these scalars form 3 chiral multiplets containing the 3 complex
structure moduli T i. The 3 remaining scalars combine with 3 additional scalars from
the internal components of the R-R 4-form, (C4)abcd, into 3 chiral multiplets, C
I + iKIs
containing the untwisted Ka¨hler moduli KIs . Finally, one also gets the complex dilaton
multiplet C0+ ie
−φ. This untwisted massless spectrum is enhanced by 48 chiral multiplets
containing the Ka¨hler moduli related to the fixed points of the ZZ2 actions. In the case
without discrete torsion, the chiral multiplets from the twisted sectors are related to 48
additional complex structure moduli.
In order to introduce objects that contribute negatively to the R-R tadpole, we now
take the additional quotient by ΩR(−1)FL , where R reflects all three complex coordinates:
zI → −zI . This breaks supersymmetry in the closed string sector down to N = 1 and
introduces 64 O3-planes located at the fixed points of R in addition to three sets of 4
O7-planes located at the fixed locus of Rθ, Rθ′ and Rθθ′.
There is a subtlety at this point, which deserves some clarifying comments. As shown
in [47], the perturbative orientifold with discrete torsion is forced to contain exotic orien-
tifold planes in order to satisfy the cross-cap constraint1∫
dl〈ΩR(−1)FL θ|e−lHcl |ΩR(−1)FL θ′〉 =
∫
dt
t
Trθθ′
(
ΩR(−1)FL θ e−2πtH) . (2.3)
Such exotic orientifold planes have positive charge and tension. More concretely, an odd
number of the four classes of orientifold planes have to be of type Op(+,+). Note that the
intersecting brane world model discussed in [13,14] is T-dual to the Type IIB orientifold
model without discrete torsion.
To proceed farther, we now allow turning on non-trivial 3-form fluxes, which will
contribute to the 4-form tadpole. In order to cancel the three 8-form tadpoles, we have
to introduce additional D7-branes. Since we would like to discuss chirality, we allow more
generally the presence of D9-branes with magnetic fluxes.
1 We thank G. Pradisi for a discussion on this point. We are indepted to A. Uranga for pointing
out an error in an earlier version of the paper.
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3. Three-form fluxes
In this section, we discuss the effect of turning on NS-NS and R-R 3-form fluxes on
the internal Calabi-Yau manifold. We are using the conventions and notation of [28] and
[48].
3.1. R-R tadpole
The Chern-Simons term in the Einstein-frame effective Type IIB action looks like
SCS =
1
2κ210
∫
M4×X
C4 ∧G ∧G
4i Im(τ)
. (3.1)
Recall that G = τ H3 + F3, where H3 comes from the NS-NS sector, F3 from the R-R
sector and τ = C0+ie
−φ is the dilaton which “complexifies” the flux. The ten-dimensional
gravitational coupling is given in terms of α′ as κ210 =
1
2 (2π)
7(α′)4. From (3.1) it is clear
that turning on a non-trivial G-flux leads to a tadpole for the 4-form C4. In fact, the
contribution to the tadpole is given by
Nflux =
1
2κ210 µ3
∫
X
H3 ∧ F3, (3.2)
with µp = (2π)
−p (α′)−(p+1)/2. To describe the fluxes we assume that we have an integral
basis of the homology H3(X,ZZ) with the intersections A
Λ ∩ AΣ = BΛ ∩ BΣ = 0 and
AΛ ∩ BΣ = δΛΣ (Λ,Σ = 0, . . . , h21). In terms of the Poincare´ dual basis of H3(X,ZZ),
(αΛ, β
Λ), the covariantly constant (3, 0) form can be expanded as
Ω3 = X
Λ αΛ − FΛ βΛ, (3.3)
with
XΛ =
∫
AΛ
Ω3, FΛ =
∫
BΛ
Ω3, (3.4)
where the periods XΛ and FΛ are functions of the complex structure moduli T i (i =
1, . . . , h21). Due to the Bianchi identities, the three-forms H3 and F3 are closed, therefore
in cohomology they can be expressed as integer linear combinations
1
(2π)2α′ H3 = e
1
Λ β
Λ +m1Λ αΛ
1
(2π)2α′ F3 = e
2
Λ β
Λ +m2Λ αΛ.
(3.5)
Thus the complex three-form flux can be written as
1
(2π)2α′ G = eΛβ
Λ +mΛαΛ (3.6)
with eΛ = τ e
1
Λ + e
2
Λ and m
Λ = τ m1Λ +m2Λ. In this notation, the tadpole (3.2) becomes
Nflux = m× e, (3.7)
with m× e = m1Λ e2Λ −m2Λ e1Λ.
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3.2. The scalar potential
The kinetic term for the G-flux
SG = − 1
4κ210Im(τ)
∫
X
G ∧ ⋆6G, (3.8)
when integrated over the internal manifold, gives rise to a scalar potential, which has
been computed in [28]. Note, that we use the convention that the Hodge star operator
involves also complex conjugation. Working in the (αΛ, β
Λ) basis the computation is
straightforward when one uses the following action of the Hodge star operator
⋆α = Aα+Bβ
⋆β = Cα +Dβ,
(3.9)
where the four matrices A,B,C,D can be expressed in terms of the period matrix N
A = −DT = (ReN )(ImN )−1
B = −ImN − (ReN )(ImN )−1(ReN )
C = (ImN )−1.
(3.10)
In a symplectic basis in which the prepotential F exists [48],
NΛΣ = FΛΣ + 2i Im(FΛΓ) Im(FΣ∆)X
ΓX∆
Im(FΓ∆)XΓX∆
, (3.11)
where FΛΣ = ∂
2F/∂XΛ ∂XΣ.
The scalar potential resulting from (3.8) can be expressed as
V = − µ3
2 Imτ
[m(ImN )m¯+ (e+mReN )(ImN )−1(e¯+ m¯ReN )] . (3.12)
Since the period matrix depends on complex structure moduli, V is a function of T i and
τ . This scalar potential can also be rewritten as
V = − µ3
2 Imτ
[(e+mN¯ )(ImN )−1(e¯+ m¯N )] + µ3m×e , (3.13)
or as
V = − µ3
2 Imτ
[(e+mN )(ImN )−1(e¯+ m¯N¯ )]− µ3m×e . (3.14)
Recall that in our conventions, one requires ImN < 0 in the physical domain of positive-
definite kinetic energy terms, while Imτ > 0.
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In [28], only the “local” case of Nflux = m×e = 0 was considered. Then it is easy to
see that no stable minima of the potential exist, except at some singular points (or limits)
where the period matrix degenerates. In order to understand the origin of this result and
the “non-local” case of m×e 6= 0, we first notice that there are two obvious candidates for
the minima, at
eΛ +m
ΣN¯ΣΛ = 0 (3.15)
and at
eΛ +m
ΣNΣΛ = 0. (3.16)
After multiplying (3.15) by m¯Λ and taking the imaginary part, we obtain
m(ImN )m¯ = −Imτ (m×e), (3.17)
hence Eq. (3.15) can be satisfied in the physical positivity domain only if m×e > 0. By a
similar argument, m×e < 0 is a necessary condition for the existence of a non-degenerate
solution of Eq. (3.16). Hence for a given sign of m×e, only one of the two equations (3.15)
and (3.16) can be solved. Note that the potential is always positive at the minimum point:
Vmin = µ3|m×e| = µ3|Nflux|.
In [28] is was shown that the first term in (3.13) can be understood as the F-term
scalar potential arising from the superpotential [49,50]
W =
1√
2κ10
∫
X
Ω3 ∧G = √µ3
(
eΛX
Λ +mΛFΛ
)
. (3.18)
In fact, by using the identities [48] FΛ = NΛΣXΣ, DiFΛ = N¯ΛΣDiXΣ and the tree-level
Ka¨hler potential, one can rewrite (3.13) as2
V = µ3 e
[K(z,z)+K˜(τ,τ)]
[
Gij DiWDjW +G
ττ DτWDτW
]
+ µ3m×e. (3.19)
Assuming that (3.15) is satisfied,
DiW = DτW = 0; (3.20)
the existence of a supersymmetric minimum is therefore not guaranteed, unless W = 0 for
some choice of fluxes. If the minimum is described by Eq. (3.16) instead of (3.15), it is con-
venient to replace (3.18) by an “almost holomorphic” superpotential W˜ = W (e→e¯, m→m¯),
2 The −3|W |2 term is canceled by Ka¨hler derivatives of the CY volume hypermultiplet.
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now treating τ¯ as a chiral field. Such a superpotential generates the potential (3.14), up
to the m×e constant term. It is easy to see that Eqs. (3.20) are satisfied for this new
superpotential, with τ → τ¯ .
We will see in section 5 that the topological m×e term in (3.19) plays an essential
roˆle in the computation of the Fayet-Iliopolous terms for the abelian gauge groups on the
D-branes, which have to be introduced to cancel the R-R tadpoles. The m×e term is
proportional to the R-R three-form charge, which already indicates that it is nothing else
than the effective “D3-brane” tension of the G-flux.
Another, equivalent way of discussing supersymmetry breaking is by examining the
supersymmetry transformations of fermions [35]. The condition for (at least one) unbroken
supersymmetry can be succinctly summarized as the requirement that G be a pure (2, 1¯)
[or (1, 2)] form. Is this condition satisfied in a vacuum described by Eqs. (3.15) or (3.16)?
It is easy to see that Eq. (3.15) is equivalent to the condition that G be “imaginary anti-
self dual”, i.e. ⋆G = −iG¯; hence, in addition to the (2, 1) part, it may also contain (0, 3);
the latter may vanish, though, for a particular choice of fluxes, which ensures W = 0 at
the minimum. Similarly, Eq. (3.16) describes an “imaginary self-dual” flux configuration,
⋆G = iG¯, a (1, 2¯) form with a possible (3, 0¯) admixture that vanishes if W˜ = 0. Note that
the additional condition for supersymmetry, namely that the G flux has to be primitive,
J ∧G = 0, (3.21)
can be satisfied on a Calabi-Yau manifold, as there are no cohomologically non-trivial
closed 5-forms.
We conclude that a stable vacuum can only exist in the “non-local” case ofm×e 6= 0 i.e.
with a non-vanishing Nflux. This typically leads to a complete supersymmetry breakdown;
however, one (or more) supersymmetry may survive if the moduli satisfy one additional
constraint. Note that the number of equations contained in (3.15) [as well as in (3.16)]
is equal to the number of undetermined moduli (including the dilaton), and that moduli
stabilization is therefore expected to occur for a generic pattern of fluxes while unbroken
supersymmetry would take place only in some special cases. In the next section we will
describe examples illustrating both kinds of situations.
4. ZZ2 ⊗ ZZ′2 Orbifolds
As an example we now apply the general formalism presented in section 2 to our
ZZ2 ⊗ ZZ′2 orientifold.
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4.1. Cohomological basis
The following closed 3-forms on the toroidal ambient space are invariant under the
ZZ2 × ZZ′2 orbifold symmetry
α0 = dx
1 ∧ dx2 ∧ dx3 β0 = dy1 ∧ dy2 ∧ dy3
α1 = dy
1 ∧ dx2 ∧ dx3 β1 = −dx1 ∧ dy2 ∧ dy3
α2 = dx
1 ∧ dy2 ∧ dx3 β2 = −dy1 ∧ dx2 ∧ dy3
α3 = dx
1 ∧ dx2 ∧ dy3 β3 = −dy1 ∧ dy2 ∧ dx3.
(4.1)
These are Poincare´-dual to the obvious 3-cycles on T 6. Note that expanding H3 and F3 in
terms of these eight 3-forms guarantees that the 3-form fluxes in (3.5) are invariant under
the orientifold symmetry ΩR(−1)FL.
There are three moduli, T i ≡ Ri+ iIi, i = 1, 2, 3, which define the complex structure:
zi = xi + T i yi (no summation over i) on the orbifold space. As usual, the holomorphic
3-form
Ω3 = dz
1 ∧ dz2 ∧ dz3 = XΛαΛ − FΛβΛ (4.2)
defines the homogeneous coordinates XΛ and the derivatives FΛ = ∂ΛF of the prepotential
X0 = 1 F0 = −T 1 T 2 T 3
X1 = T 1 F1 = T 2 T 3
X2 = T 2 F2 = T 1 T 3
X3 = T 3 F3 = T 1 T 2.
(4.3)
Therefore the prepotential is given by
F =
X1X2X3
X0
= T 1T 2T 3. (4.4)
It is convenient to introduce the following basis of (2, 1¯) forms:
a1 = dz¯
1¯ ∧ dz2 ∧ dz3,
a2 = dz
1 ∧ dz¯2¯ ∧ dz3,
a3 = dz
1 ∧ dz2 ∧ dz¯3¯.
(4.5)
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By using the prepotential (4.4) and Eq. (3.11), we obtain the following (symmetric) period
matrix:
N =

2R1R2R3 −R2R3 −R1R3 −R1R2
· · · 0 R3 R2
· · · · · · 0 R1
· · · · · · · · · 0

+ i

qI1I2I3 −I2I3R1
I1
−I1I3R2
I2
−I1I2R3
I3
· · · I2I3
I1
0 0
· · · · · · I1I3
I2
0
· · · · · · · · · I1I2
I3
 ,
(4.6)
where
q = 1 +
(R1
I1
)2
+
(R2
I2
)2
+
(R3
I3
)2
. (4.7)
Note that Ii < 0 in the physical domain of ImN < 0.
4.2. Flux quantization on orientifolds
Flux quantization on orientifolds is quite subtle, since there exist 3-cycles “smaller”
than the ones on the torus. As defined above, the fluxes of H3 and F3 must belong to
H3(X,ZZ), and respectively, the homological Poincare´ duals [H3] and [F3] must belong to
H3(X,ZZ).
Fluxes for ǫ = +1 orbifold
Following the arguments used in [20], one notices that under the ZZ2 ⊗ ZZ′2 and the
ΩR(−1)FL action a toroidal 3-cycle πu, in a general position, is mapped to an orbit of
eight toroidal 3-cycles all wrapping the same homology class on T 6. Therefore, what is
usually called a bulk 3-cycle on the orientifold of X is actually, from the toroidal point of
view, a cycle where all eΛ and m
Λ are multiples3 of 8. Hence the associated fluxes have
Nflux quantized in multiples of 64. Besides these bulk cycles totally inherited from the
ambient T 6, there are so-called twisted 3-cycles, which also wrap some of the 48 3-cycles
hidden in the various ZZ2×ZZ′2 fixed points. Note that since the twisted cycles are “shorter”
than the toroidal ones, the corresponding fluxes can carry smaller quanta of Nflux. This is
important for model-buliding since, as we will see later, the bulk flux contribution, which
is a quantum of Nflux = 64, always exceeds the negative contribution of the O3-planes to
the R-R tadpole cancellation condition. Hence supersymmetric configurations can only be
obtained by switching on some twisted fluxes (with Nflux ≤ 32).
3 By that we actually mean eiΛ and m
iΛ, i = 1, 2.
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Fluxes for ǫ = −1 orbifold
For the model with discrete torsion the situation is a bit more subtle. In the following,
we will argue that here eΛ and m
Λ are only quantized in units of 4. Again arguing about
the homology, H3(X,ZZ), we consider first 3-cycles on the ZZ2 ⊗ ZZ′2 orbifold space, i.e.
neglecting the orientifold projection for the moment. Naively, one obtains that under the
action of ZZ2⊗ZZ′2 a bulk 3-cycle on the orbifold corresponds to an orbit of four toroidal 3-
cycles, 4πu. One can show that the intersection numbers for these bulk cycles are multiples
of 4. Since the twisted sectors do not contain any additional 3-cycles, there must exist
smaller toroidal 3-cycles, as an integral basis of H3(X,ZZ) yields a unimodular intersection
form. Thus, we conclude that there must exist 3-cycles in the orbifold, which correspond
to only toroidal orbits of length two: 2πu.
These shorter 3-cycles can be seen as follows. Consider the θ-twisted sector. In this
sector, besides the bulk 3-cycles, we can define fractional 3-cycles, which are of the form
πu + πtw, where πu denotes a toroidal cycle and πtw a 3-cycle in the θ-twisted sector.
Under the action of the second ZZ2 such a fractional cycle is mapped to πu − πtw, so that
the whole orbit under ZZ2⊗ZZ′2 gives rise to a pure toroidal cycle 2πu, which is indeed what
we are looking for.
Taking also the ΩR(−1)FL action into account, we conclude that in the ZZ2 ⊗ ZZ′2
orientifold model with discrete torsion, the coefficients in the expansion
1
(2π)2α′
[G] = eΛ A
Λ +mΛBΛ (4.8)
are multiples of 4. Therefore here the Nflux is quantized in multiples of 16, which does
not exceed the contribution from the O3-planes.
4.3. Supersymmetry breaking
In order to discuss supersymmetry breaking, we will examine the transformations of
fermions. The relevant terms depending on the 3-form background are [51,52]
δλ ∝ Gǫ+ . . .
δψm ∝ ΓmGǫ¯+ 2GΓmǫ¯+ . . . ,
(4.9)
where G ≡ GabcΓabc, and ǫ is the supersymmetry transformation parameter.4 It is conve-
nient to use the following form of D = 10, 32×32 gamma matrices:
Γµ = I ⊗ γµ Γi = γi ⊗ γ5 , (4.10)
4 We are using the notation of [51].
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where γµ and γ5 are D = 4 gamma matrices. I is the 8× 8 identity matrix; γi are D = 6
matrices for which we adopt the representation of [53]:
γ1 =
1
2
σ1(1 + σ3)⊗ 1⊗ 1 γ 1¯ = 1
2
σ1(1− σ3)⊗ 1⊗ 1
γ2 = −σ3 ⊗ i
2
σ2(1 + σ3)⊗ 1 γ 2¯ = −σ3 ⊗ i
2
σ2(1− σ3)⊗ 1
γ3 = σ3 ⊗ σ3 ⊗ 1
2
σ1(1 + σ3) γ 3¯ = σ3 ⊗ σ3 ⊗ 1
2
σ1(1− σ3).
(4.11)
As in [53], we will denote the SO(2) spinor
(
1
0
)
by + and
(
0
1
)
by −. The D = 10 spinor ǫ
is chiral, and can be written as ǫ =
∑k=4
k=1(Ψ
k ⊗ ψk + Θ¯k ⊗ θ¯k), where Ψ and Θ¯ are right-
handed and left-handed SO(6) spinors, respectively, i.e. containing even or odd numbers
of (−), while ψ and θ¯ are similarly right- and left-handed in D = 4. However, the orbifold
projection leaves us with SO(6) spinors containing either only (+) or only (−), so in the
absence of fluxes, the compactified theory is N = 2 supersymmetric, with
ǫ = (++ +)⊗ ψ + (−−−) ⊗ θ¯, (4.12)
which can also be written as a sum of two Majorana-Weyl spinors ǫ = ǫL + iǫR with
ǫA = (++ +)⊗ ηA + (−−−) ⊗ η¯A, (4.13)
where A = L,R, while ηA are right-handed components of D = 4 Majorana spinors.
5
The ΩR(−1)FL orientifold projection leads to one more restriction on the supersymme-
try parameters (4.13). In particular it relates the left- and right-moving supersymmetries
because of
iǫR = iΓ
4 . . .Γ9 ǫL. (4.14)
Thus, we see that the surviving spinor is
ǫ = 2(−−−) ⊗ η¯L. (4.15)
4.4. An example with supersymmetry
In the first example, we consider the following flux configuration:
~m0 = (0, 4), ~e0 = (−4, 0), ~m3 = (−4, 0), ~e3 = (0,−4), (4.16)
5 Here, the indices A = L,R refer to the left- and right-moving parts of the superstring and
should not be confused with spacetime chirality.
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or equivalently,
1
(2π)2α′
G = 4(α0 − τβ0 − τα3 − β3) . (4.17)
Since m×e = 32, we are looking for a solution of Eq. (3.15), with the period matrix given
in (4.6). Indeed, one can show that the unique solution to these equations is
T 1T 2 = −1, τ = −T 3. (4.18)
The superpotential is
W = 4
√
µ3
(−τ − T 3 − T 1 T 2 T 3 − τ T 1 T 2) , (4.19)
which vanishes for (4.18). Moreover, all derivatives satisfy
DiW = DτW =W = 0 , (4.20)
so that the flux (4.17) is a pure (2, 1¯) form. This can explicitly be seen by writing the
G-flux as
1
(2π)2α′ G =
4T 1
T 1 − T 1
a1 +
4T 2
T 2 − T 2
a2. (4.21)
Hence we expect that N = 1 supersymmetry remains unbroken.
In order to verify this, we examine the supersymmetry transformations (4.9) with6
G ∝ γ 1¯γ2γ3 + γ1γ 2¯γ3. These variations are restricted by
γi(−−−) = γ ı¯(+ ++) = 0. (4.22)
In fact, it is easy to see that all variations under the (−−−) transformations are zero, so
that the corresponding supersymmetry remains unbroken. Under the (+++) transforma-
tions, the internal components ψ1 and ψ2 of the gravitino have non-vanishing variations;
therefore the corresponding supersymmetry is broken. Note that the unbroken supersym-
metry is also preserved by the orientifold projection. One can also check explicitly, that G
is indeed primitive.
Neglecting the orientifold projection, the fluxes under consideration provide a nice
example of partial N = 2 → N = 1 supersymmetry breaking and moduli stabilization.
This partial breaking has the same origin as in the APT mechanism [54] in globally super-
symmetric theories, where “non-locality” is due to the simultaneous presence of electric
and magnetic Fayet-Iliopoulos terms, which can be described by a superpotential of the
form (3.18). Here, we have found a flux configuration that preserves supersymmetry and
fixes two combinations of the four complex moduli {τ, T 1, T 2, T 3}. In the next section,
we will come back to this supersymmetry-preserving example.
6 Note that, in our conventions, ǫ¯ = (+ ++)⊗ ψ¯ + (−−−)⊗ θ.
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4.5. An example with supersymmetry breaking
As another example, we consider
~m0 = (0, 4), ~e0 = (−4, 0) ⇒ 1(2π)2α′ G = 4(α0 − τβ0). (4.23)
Now (3.15) is solved by R1 = R2 = R3 = Reτ = 0 and
Imτ = −I1I2I3. (4.24)
At this minimum, DiW = DτW = 0; however, W = −8τ 6= 0. Furthermore,
1
(2π)2α′ G =
2
3
(a1 + a2 + a3) + 2Ω¯3 , (4.25)
and the flux therefore contains also a (0, 3¯) contribution. As in the previous example, the
(+++) supersymmetry is broken, but now in addition, the (−−−) supersymmetry is also
broken. By looking at the variations (4.9), it is easy to check that it is indeed the (0, 3¯)
part of the flux that is responsible for this breaking. From the point of view of the effective
supergravity theory, N = 1 supersymmetry is broken by a vacuum expectation value of
the superpotential, i.e. of the auxiliary component of the gravitational supermultiplet.
This is a no-scale supersymmetry breaking, at a scale undetermined at the classical level.
A detailed supergravity description of moduli stabilization and partial supersymmetry
breaking in similar orientifold models has been worked out in [55].
5. D-branes with magnetic fluxes
So far, we have discussed the consequences of turning on the background G-fluxes. We
have seen that they contribute to the R-R tadpole cancellation conditions and that a non-
trivial superpotential is generated, which freezes some of the complex structure moduli. In
the papers on such flux compactifications the R-R-tadpole conditions are trivially satisfied
by introducing D3- and D7-branes located on top of the orientifold planes. In our case,
this would lead to a consistent model, even though the massless spectrum on the branes
would be non-chiral. If we have really phenomenological applications of such models in
mind, we have to introduce branes in such a way that chiral fermions are generated.
A possible way of achieving this is by introducing D9-branes with abelian magnetic
fluxes [45,2,3]. Such configurations are T-dual (mirror-symmetric) to intersecting D6-
branes, which have been discussed extensively in the recent literature [1-26]. Moreover,
it is known that such abelian magnetic fluxes, via the integrated Dirac-Born-Infeld (DBI)
action, give rise to a D-term potential for the Ka¨hler structure moduli KIs . Therefore, one
expects that turning on both G-flux and magnetic fluxes freezes both some of the complex
structure moduli T i via F-terms and Ka¨hler structure moduli KIs via D-terms.
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5.1. R-R tadpoles
In order to cancel the 4-form and 8-form tadpoles arising from the O3- and O7-planes
in the ZZ2 × ZZ′2 orientifold model, we introduce D9-branes with abelian magnetic fluxes.
First we notice that under the orientifold projection a D9-brane with a constant magnetic
flux, F , is mapped into a D9 brane with the opposite flux, −F . Therefore, one might
naively expect that supersymmetry is broken by such branes. For pure D9-branes this
is indeed the case. However, by turning on constant magnetic fluxes on the D9-branes,
supersymmetric configurations are possible.
The Chern-Simons term for the D9-D9 brane system
SCS = µ9
∫
D9
Tr
(
e2πα
′F
)
∧
∑
Cq − µ9
∫
D9
Tr
(
e−2πα
′F
)
∧
∑
Cq (5.1)
introduces possible tadpoles not only for the R-R 10-form but also for lower-rank R-R
forms. Here we have taken into account that at the orbifold point (away from the singular
fixed points) the manifold is flat, so that the curvature contributions to the Chern-Simons
term vanish. Note, that the R-R 10-form and the R-R 6-form tadpole cancels automatically
in (5.1). To be more explicit, we choose K stacks of Na D9-branes, a = 1, . . .K, with the
abelian magnetic fluxes
Fa = 2πα′Fa = 2πα′
3∑
I=1
F Ia dx
I ∧ dyI (5.2)
turned on on each brane. We use the normalization
∫
T 2
I
dxI ∧ dyI = 1, for each I = 1, 2, 3.
Considering the T-dual situation with D6-branes at angles, it is clear that we have two
co-prime integers (nI , mI) for each T 2I to specify such a configuration
F Ia = 2π
nIa
mIa
. (5.3)
The integer mI can be interpreted as the wrapping number of the D9-brane around the
2-cycle T 2I and the second integer n
I is the first quantized Chern class of the U(1) gauge
bundle
c1(F
I
a ) =
1
2π
∫
mI
a
×T 2
I
F Ia dx
I ∧ dyI = nIa. (5.4)
Here we have taken into account that the D9-brane wraps the two-dimensional torus mI
times. Under the action of ΩR(−1)FL such a brane with flux is mapped to a D9 brane
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with the opposite magnetic flux. Moreover, we get lower-dimensional branes by choosing
for the wrapping numbers mI = 0.
So far we have only discussed the toroidal case. In the presence of discrete torsion, the
orbifold space contains also 48 additional 2-cycles from the three ZZ2 twisted sectors, which
in principle can also support non-vanishing magnetic fluxes. At the orbifold point, such
a brane would correspond to a fractional D9-brane, which is also charged under twisted
sector R-R fields. To keep the presentation as simple as possible, we will not consider
such flux configurations in this paper and will assume that the Ka¨hler moduli related to
these twisted 2-cycles are frozen at the orbifold point, i.e. the volumes of the exceptional
2-cycles vanish. Here we only consider magnetic 2-form fluxes through the three 2-cycles
inherited from the toroidal ambient space. Arguments similar to the ones given for the
allowed 3-cycles on the orbifold space lead to the conclusion that such a bulk brane in the
orbifold space can be described by four copies of the toroidal branes. This explains some
extra factors of 4 in the formulas presented below.
From the Chern-Simons action, it is now straightforward to derive the contribution
of the D9-D9 branes with fluxes to the R-R tadpole cancellation condition. Taking also
the contribution from the orientifold planes and the G-flux into account, we arrive at the
following four conditions
8
∑
a
Na
∏
I
nIa +Nflux = 32
8
∑
a
Nan
1
am
2
am
3
a = −32 ǫ
8
∑
a
Nam
1
a n
2
am
3
a = −32
8
∑
a
Nam
1
am
2
a n
3
a = −32
.
(5.5)
Here, the perturbative orientifold with discrete torsion (ǫ = −1) is assumed to contain one
set of O7 planes of the type O7(+,+).
The G-flux of course only contributes to the first line in (5.5), which is the R-R tadpole
cancellation condition of the 4-form. Moreover, the 10-form and 6-form tadpoles vanish
automatically due to the presence of the D9 branes with opposite magnetic flux. This is
consistent with the fact that these forms are projected out by ΩR(−1)FL .
16
Using the Atiyah-Singer index theorem, or employing simply the results of [2], the
chiral massless spectrum transforming in the U(N1) × . . .× U(NK) gauge group is given
in Table 1.
Representation Multiplicity
[Aa]L
1
2 (Ia′a + IOa)
[Sa]L
1
2
(Ia′a − IOa)
[(Na,Nb)]L 4
∏
I
(
mIan
I
b − nIamIb
)
[(Na,Nb)]L 4
∏
I
(
mIan
I
b + n
I
am
I
b
)
Table 1: Chiral spectrum in D = 4
In Table 1 we used
Ia′a = 32
∏
I
nIam
I
a
IOa = 8
∏
I
mIa − 8 ǫm1a n2a n3a − 8n1am2a n3a − 8n1a n2am3a.
(5.6)
As we mentioned, extra factors of 4 appear because we only consider bulk branes.
A comment on gauge anomalies is in order at this point. For vanishing G-flux, the
spectrum in Table 1 is free of four-dimensional non-abelian gauge anomalies, if the R-
R tadpole cancellation conditions are satisfied. However, for non-trivial G-fluxes this is
no longer true and the chiral massless spectrum in Table 1 gives rise to the non-abelian
SU(Na)
3 gauge anomaly:
δΛ logZa = − 1
3! (2π)2
Nflux
∏
I
mIa
∫
M4
[Fa ∧ Fa ∧ Fa](1) , (5.7)
where we have used the Wess-Zumino descent relation notation, i.e. for a closed gauge
invariant form Y , we define Y = dY (0) and δY (0) = dY (1), where δ denotes a gauge
variation. As pointed out in [56], this anomaly is canceled by an in-flow mechanism
resulting from the following term in the Chern-Simons action of the D9-brane:
SCS = µ9
∫
D9a
C2 ∧B ∧ 1
3!
(2πα′)
3
Fa ∧ Fa ∧ Fa. (5.8)
By the usual descent relations, and taking the wrapping number of the D9-brane into
account, this leads to the anomalous gauge variation
δΛSCS =
1
3! (2π)2
Nflux
∏
I
mIa
∫
M4
[Fa ∧ Fa ∧ Fa](1) , (5.9)
canceling precisely the naive anomaly (5.7).
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5.2. Supersymmetry
In order to identify the supersymmetry preserved by D9-branes with magnetic fluxes,
it is convenient to use the formalism of [57]. Applying the results of [57] to one D9-brane
with magnetic fluxes, one finds that N = 1 supersymmetry is preserved provided that
sin(ϕa)
(
1
2
J ∧ J ∧ Fa − 1
3!
Fa ∧ Fa ∧ Fa
)
+
cos(ϕa)
(
1
2
J ∧ Fa ∧ Fa − 1
3!
J ∧ J ∧ J
)
= 0
(5.10)
for any parameter ϕa. Here J denotes the Ka¨hler form on the Calabi-Yau manifold. This
can compactly be written as
Im
(
e−iϕaΦa
)
= 0, (5.11)
with
Φa =
1
3!
(Fa + iJ) ∧ (Fa + iJ) ∧ (Fa + iJ). (5.12)
In this form the supersymmetry condition looks very similar to the T-dual (mirror sym-
metric) condition for a 3-cycle Γ to be volume minimizing, Im(e−iϕΩ3)|Γ = 0. The second
T-dual supersymmetric 3-cycle condition, namely that the 3-cycle is lagrangian, J |Γ = 0,
is automatically satisfied by flat 3-cycles that are mapped to our D9-branes with constant
magnetic fluxes.
Expanding the Ka¨hler form in the string frame as
J =
∑
I
KIs dxI ∧ dyI (5.13)
and defining the angle variables ψIa as
tanψIa = 2πα
′F
I
a
KIs
, (5.14)
Eq. (5.10) boils down to the familiar supersymmetry condition
∑
I
ψIa =
3π
2
− ϕa mod 2π. (5.15)
As is well known, changing one of the angles ψIa and consequently also ϕa by π turns the
D9-brane into a D9 brane.
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Then, the supersymmetry preserved by a brane satisfying (5.15) is given by
ǫR = Γ0 . . .Γ9 ρ(M) ǫL, (5.16)
where ρ(M) denotes the rotation matrix by the angles ψIa in the spinor representation
[58,59]. Thus, a D9- brane preserves the same supersymmetry as the orientifold plane
(4.14), if
ǫL = iγ5ρ(M) ǫL. (5.17)
Inserting the form of the left-moving spinor (4.13), we arrive at the eigenvalue equation
ρ(M) ηL = −iηL, (5.18)
which has a solution if ∑
I
ψIa = 3π/2 mod 2π. (5.19)
Therefore, the N = 1 supersymmetry preserved by the orientifold planes corresponds to
ϕo = 0 and therefore, in order to preserve the same supersymmetry, we have to choose
ϕa = 0 for all K stacks of D9-D9 branes.
5.3. The scalar potential
The DBI action for a stack of D9-branes with magnetic flux, when integrated over the
internal volume, gives rise to a scalar potential of the form
Va = µ9 e−φNa
∫
X
d6x
√
det[G+ 2πα′F ], (5.20)
which for constant abelian fluxes is exact to all orders in α′. This potential holds for
both supersymmetric and non-supersymmetric D9-branes but for supersymmetric gauge
fluxes satisfying (5.10) the computation simplifies, as the square-root in (5.20) simplifies.
In analogy to the T-dual situation for calibrated 3-cycles, for a supersymmetric D9-brane,
this action can be expressed as
Va = µ9 e−φNa
∫
X
Re
(
e−iϕaΦa
)
. (5.21)
Since we have computed the scalar potential in the closed string sector in the Einstein
frame we should also shift to the Einstein frame in the open string sector. Defining the
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Einstein frame Ka¨hler moduli as KE = e−φ/2Ks, we can bring the scalar potential for K
stacks of supersymmetric D9-D9 branes with angles ϕa into the suggestive form
VD9 =8
∑
a
Va
=8µ3
∑
a
cosϕaNa
∏
I
nIa − 8µ7 eφ
∑
a
cosϕaNa
∑
I 6=J 6=K
nIam
J
a m
K
a KJE KKE
− 8µ9 e 32φ
∑
a
sinϕaNa
∏
I
mIaKIE + 8µ5 e
1
2
φ
∑
a
sinϕaNa
∑
I 6=J 6=K
nIa n
J
a m
K
a KKE .
(5.22)
Thus we see that for generic angles ϕa, one gets effective D9-, D7-, D5- and D3-brane
tensions. Note that the extra factors of (2πα′) in the magnetic flux F and the powers of
the dilaton arrange themselves in just the right way to give the effective Einstein frame
Dp-brane tensions.
Moreover, (5.22) is correct for both D9- and D9-branes by defining ϕa appropriately.
Starting for instance with a supersymmetric D9-branes with quantum numbers (nIa, m
I
a)
and angle ϕa, reflecting an odd number of such pairs gives the anti-brane for which we
must choose −ϕa in (5.22).
Adding also the contributions from the O3- and O7-planes
VEO = −32µ3 − 32µ7 eφ
(
ǫK2E K3E +K1E K2E +K1E K3E
)
, (5.23)
and the topological term from the flux-induced potential7
Vflux = µ3Nflux, (5.24)
and, in addition, invoking the R-R tadpole cancellation conditions (5.5), we can write the
combined potential VD9 + VEO + Vflux as
VFI =8µ3
∑
a
(cosϕa − 1)Na
∏
I
nIa − 8µ7 eφ
∑
a
(cosϕa − 1)Na
∑
I 6=J 6=K
nIam
J
a m
K
a KJE KKE
− 8µ9 e 32φ
∑
a
sinϕaNa
∏
I
mIaKIE + 8µ5 e
1
2
φ
∑
a
sinϕaNa
∑
I 6=J 6=K
nIa n
J
a m
K
a KKE .
(5.25)
7 Here we assume that Nflux is positive; all equations can be consistently rewritten for negative
Nflux.
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As was discussed in [16], in the effective four-dimensional theory, such a potential originates
from the Fayet-Iliopolous terms associated to the K abelian U(1) ⊂ U(Na) subgroups. By
writing the potential as
VFI =
∑
a
Na
2g2a
ξ2a (5.26)
one can identify the Fayet-Iliopolous terms ξa. This computation shows that the topological
term from the flux-induced potential is crucial indeed and participates in the cancellation
of Fayet-Iliopoulos terms in the D-term potential.
The positive-definite D-term potential vanishes precisely when the magnetic flux pre-
serves supersymmetry, which means that Im(Φa) = 0 for all K stacks of D9-branes. This
leads to the following constraint for the string frame Ka¨hler moduli:
−
∏
I
KIs mIa + (4π2α′)2
∑
I 6=J 6=K
KIsmIa nJa nKa = 0 (5.27)
for all stacks of D9-branes. In general, one has more conditions than Ka¨hler moduli, so
that this condition drastically constrains the model8.
One might wonder whether the gauge fluxes also induce a superpotential of the form
W =
∫
Ω3 ∧ ωYM , (5.28)
where ωYM denotes the Chern-Simons form
ωYM =
∑
a
Aa ∧ Fa. (5.29)
Here, it should be recalled that (5.28) arises from the general superpotential W =
∫
Ω3∧G
after taking into account that, in general, gauge fluxes on D9-branes induce a source for
G-fluxes via the equation
dG ∼
∑
a
Fa ∧ Fa. (5.30)
In fact, if the right-hand side happened to be non-zero, this would invalidate our whole
reasoning, as G would have to be combined with ωYM to give a closed 3-form (as in Type
I or in the heterotic string). However, in our orientifold example, the contributions to the
right-hand side of (5.30) from the D9-branes and their image D9 branes just cancel, so
that the magnetic fluxes only induce a D-term potential.
8 Note that actually in the D-term potential VEVs for charged fields can in principle cancel
the Fayet-Iliopolous term and lead to new minima of the scalar potential [46]. However, this
means that D-branes recombine and that the gauge and matter sector of the theory changes. For
this not to happen we set all charged open string moduli in the D-term to zero by hand. Then
supersymmetry gives rise to the condition (5.27)
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5.4. Examples
5.4.1 A supersymmetric brane configuration
Here we discuss a supersymmetric brane configuration. Choosing the orbifold without
discrete torsion, ǫ = +1, and switching on a G-flux9 with Nflux = 32 we introduce two
stacks of four D9-branes with the quantum numbers
1st stack : (nI , mI) = {(0, 1), (1,−1), (1,−1)}
2nd stack : (nI , mI) = {(1, 0), (0, 1), (0,−1)}.
(5.31)
One realizes that all four R-R tadpole cancellation conditions are satisfied. The chiral
spectrum on the D9-D9 branes consists of four chiral multiplets in the (4, 4) representation
and another four chiral multiplets in the (4, 4) representation of the U(4) × U(4) gauge
group. Note that the second stack of branes has m(1) = 0 on the first torus and therefore
can be considered as D7-branes localized on the first T 2. Moreover, as expected from the
general anomaly formula (5.7), only the first SU(Na) gauge factor is anomalous.
The second stack of branes is supersymmetric for any choice of the Ka¨hler moduli,
while the first stack yields the constraint
K(2)s K(3)s = (4π2α′)2. (5.32)
Thus, the number of unfrozen Ka¨hler parameters from the untwisted sector is reduced to
two. We expect that one combination of the 4-form superpartners, CI , also gets a mass
via axionic couplings from the Chern-Simons action [6,16]. Note, that in these examples
the overall volume of T 6 is not frozen.
5.4.2 A non-supersymmetric brane configuration
Consider the supersymmetric G-flux discussed in Section 4.4. Since Nflux = 32,
the four-form tadpole cancellation condition is already saturated without any D3-brane
charges. We are dealing now with the model with discrete torsion, ǫ = −1, which contains
the O7(+,+) planes. We introduce the following two stacks of four D9-branes with the
quantum numbers
1st stack : (nI , mI) = {(0, 1), (1,−1), (1,−1)}
2nd stack : (nI , mI) = {(1, 0), (0,−1), (0,−1)}.
(5.33)
9 As explained before, such a configuration requires twisted 3-cycles. We assume that the
complex stucture moduli can be stabilized in a supersymmetric vacuum, like in the example
discussed in Section 4.4.
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Indeed the R-R tadpole cancellation conditions are satisfied, where the second stack can
be seen as D7-branes, which have been introduced to cancel the R-R charge of the O7(+,+)
plane.
The gauge group is U(4) × U(4) and the chiral spectrum on the D9-D9 branes con-
sists of four chiral fermions in the (4, 4) representation, four chiral fermions in the (4, 4)
representation and eight chiral fermions in the (6, 1) + (10, 1) representation.
We can make the FI-term of the first U(1) ⊂ U(4) vanish by satisfying the constraint
K(2)s K(3)s = (4π2α′)2. (5.34)
However, in contrast to the previous example, the scalar potential (FI-term) for the second
gauge factor does not vanish, but takes the value
VFI,2 = 64µ7K(2)s K(3)s = 64µ3. (5.35)
It is beyond our scope to discuss this potential in more detail; it is clear that non-trivial
magnetic fluxes can fix part of the Ka¨hler moduli.
These simple examples show that a combination of G-flux and magnetic fluxes on D9-
D9 branes allows some of the conceptual constraints for phenomenologically interesting
string models to be satisfied. On the one hand, similar to what takes place in intersecting
brane worlds, one can obtain a chiral spectrum on the branes. On the other hand, the G-
flux can fix some or maybe even all complex structure moduli via an F-term potential, and
the abelian magnetic fluxes freeze some or even all of the Ka¨hler moduli via an effective D-
term potential. Furthermore, the remaining N = 1 supersymmetry can be spontaneously
broken in the large radius limit in a no-scale manner, provided that one chooses a suitable
G-flux configuration, like in the example described in Section 4.5.
Of course, for bulk branes we obtain, in addition, open string moduli related to con-
tinuous Wilson lines on the D9-branes along the internal directions. These are not frozen
in the leading-order approximation we are discussing here. One way to freeze them already
at leading order would be to also turn on magnetic fluxes through the ZZ2×ZZ′2 fixed points.
These would give rise to fractional D9-branes with frozen open string moduli. It might be
that the back-reaction on the geometry freezes (some of) these moduli too.
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6. Conclusions
In this work, we have pointed out that by combining ideas from Calabi-Yau com-
pactifications with background fluxes and from intersecting brane-world models, it is
possible to freeze both complex structure moduli and Ka¨hler moduli. The resulting
gauge/supergravity theory has many phenomenologically appealing properties: chiral spec-
trum, partial supersymmetry breaking and, eventually, complete supersymmetry breaking
in a no-scale manner, with a vanishing cosmological constant. We have illustrated these
issues on a simple example provided by the ZZ2 × ZZ′2 toroidal orbifold. Of course, these
concepts are more general and can in principle be applied to any Calabi-Yau orientifold
model with O3-planes.
A very important point is that our computations are valid only in the leading order of
string perturbation theory. Since the superpotential depends only on the complex structure
moduli, it is exact to all orders in α′ (although α′ corrections to the Ka¨hler potential will
eventually also change the F-term scalar potential). In addition, our computation for the
D9-branes was exact to all orders in α′, as we used the complete DBI action.
Taking the back-reaction of the G-flux into account, it is known that it leads to a
warping of the Calabi-Yau geometry, while leaving the dilaton constant. This seems to be
promising; however, the D9-branes with flux and the O7-planes do not cancel their R-R
charges and tensions locally (which was essential for generating chiral asymmetry) so that
their back-reaction will dramatically change the background geometry and will make the
dilaton vary over the internal space. Thus, at this level, we cannot trust any longer the
computation done in this work. As we know from F-theory, the background is presumably
no longer Calabi-Yau; nevertheless, the hope is that the string background adjusts itself
in such a way that the number of stabilized moduli remains determined by the leading
order terms, and that the gauge group and the chiral matter content are not changed.
It would be interesting to understand in more detail what the back-reaction is and what
other moduli might be frozen by it.
Eventually, it may be worthwhile to establish duality relations to other types of flux
compactifications, in particular to Type IIA orientifolds, to M-theory or to the heterotic
superstring.
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